The objective of this study was to characterize Elionurus hensii in terms of the chemical composition of its essential oil and volatile fractions, the total phenolic and flavonoid contents of solvent extracts and antioxidative activity. Analysis of E. hensii essential oil samples from Congo was carried out using Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (MS). The essential oil of the aerial parts consisted predominantly of oxygenated monoterpene compounds, of which the main components were menthane alcohol stereoisomers, whereas the essential oil of the root was characterized by a high content of oxygenated sesquiterpenes, the main component of which was aristolone. The amounts of total phenolics and flavonoids in the solvent extracts (dichloromethane, ethyl acetate and methanol) were determined spectrometrically. The essential oil did not exhibit significant antioxidant activity in terms of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS •+ ) scavenging ability, and exhibited only slight Fe 3+ reducing ability. In contrast, the antioxidant activity of the solvent extracts of the aerial parts increased in the order ethyl acetate > methanol > dichloromethane, and that of the solvent extracts of the root increased in the order methanol > ethyl acetate > dichloromethane. Finally, a relationship was observed between the antioxidant activity and the total phenolic and flavonoid levels of the extract.
The genus Elionurus Willd. (Family: Poaceae; tribe: Andropogoneae) is widespread in the tropical and subtropical regions of South America, Africa and Australia [1] . E. hensii is a perennial plant found in the tropical zones of Congo, Gabon and Angola [1] [2] . The nonvillous stems (60-100 cm tall) are finely ramified at their ends, the leaves are scrolled (8-15 cm long; 2-3 mm wide) and the roots (4-8 cm long) are thin and flexible. Infusions of E. hensii are used in Congo to treat aches and influenza-like conditions [2] .
Studies on the volatile components of E. muticus obtained by hydrodistillation of the aerial part of the plant have been conducted using samples from Zimbabwe [3] and Brazil [4] [5] . These showed that the chemical composition of the essential oil fraction differs depending on the geographical origin of the plant. The essential oil fraction of the E. muticus sample from Zimbabwe was characterized by a high content of oxygenated monoterpenes (neral and geranial) [3] , whereas that of the sample from Brazil was dominated by (E)-caryophyllene and spathulenol [4] [5] . Mevy et al. [6] investigated the essential oil composition of the aerial parts and roots of E. elegans. The main components were campherenone, caryophyllene oxide and bisabolone. Acorenone B was identified as a major constituent of the essential oil from the aerial parts of E. viridulus from Argentina [7] . There is only one report on the chemical composition of E. hensii essential oil [2] . Seventy compounds were identified in leaves from the stem tips and in stems and roots using Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC-MS). The major components of the essential oil from the aerial parts were four monoterpene alcohols with menthane skeletons, viz., cis and trans p-mentha-2,8(9)-dien-1-ol and cis and trans p-mentha-1(7),8-dien-2-ol, whereas the main components of the root oil were p-cymene, intermedeol and aristolone.
Essential oil from the aerial parts and roots of E. elegans also has antibacterial, antifungal and antioxidant activity [6] . Although the phenolic content and antioxidant properties of alcoholic extracts from E. muticus have been studied [8] [9] , to the best of our knowledge, no data are available on the chemical composition and antioxidant activities of extracts from E. hensii.
As a part of our characterization of the essential oil composition of E. hensii [2] , the first aim of this study was to characterize the composition of volatile fractions obtained by hydrodistillation (HD) and headspace solid phase microextraction (HS-SPME) of the aerial parts and roots of E. hensii by using a combination of GC and GC/MS. The second aim was to determine the total phenolic and flavonoid contents of solvent extracts of this species. The third aim was to evaluate the in vitro antioxidant activity of the essential oil and crude extracts of E. hensii. and retention indices with those of our own authentic compound library, and 18 components were identified by comparing their mass spectra and retention indices with those of commercial libraries or literature data [10, 12] . Seven acyclic nonterpene components ( Table 1 .
The chemical composition of the essential oil from the aerial parts was strongly dominated by oxygenated monoterpenes (58.1  4.2%), especially trans-p-mentha-1(7),8-dien-2-ol (30) (17.5  1.0%) and cis-p-mentha-1(7),8-dien-2-ol (36) (12.4  2.1%). The other four most abundant compounds were undecan-2-one (56) (10.4  2.4%), limonene (10) (6.1  2.1%), aristolone (105) (4.6  0.8%) and carvone (41) (4.2  1.0%). It should be noted that oxygenated sesquiterpenes constituted a relatively small fraction (6.6  1.0%) of the essential oil of the aerial parts. In contrast, root essential oil consisted mainly of oxygenated sesquiterpenes (51.8  2.0%), of which aristolone (105) (42.1  8.6%), intermedeol (103) (7.6  3.0%) and calarene (75) (5.5  1.7%) were the main components.
A previous study [2] reported that the essential oil fractions of flowers and leaves from the stem tips, stems and roots of E. hensii samples collected at Loufoulakari, in the Democratic Republic of Congo, contained 43, 44 and 56 compounds, respectively. The essential oil fraction of the flower tips with leaves and of the stems was dominated by trans-p-mentha-1(7),8-dien-2-ol (30) (16.8% and 15.7%, respectively), cis-p-mentha-1(7),8-dien-2-ol (36) (13.3% and 13.8%, respectively) and undecan-2-one (56) (9.4% and 9.4%, respectively); two other oxygenated compounds with menthane skeletons were also identified: trans-p-menth-2,8(9)-dien-1-ol (5.4% and 5.1%, respectively) and cis-p-menth-2,8(9)-dien-1-ol (4.1% and 3.5%, respectively). In the study of Silou et al. [2] and in our study, root essential oil was dominated by aristolone (105) (49.3% and 42.1%, respectively) and intermedeol (103) (7.3% and 7.6%). However, in the study of Silou et al. [2] , root essential oil contained high amounts of p-cymene (8) (13.1%) and undecan-2-one (56) (6.0%), whereas in our study the first compound was not detected, and the latter compound constituted only 1.4% of the root essential oil. The main root oil compound in our study was calarene (75) (5.5%).
From a chemotaxonomic viewpoint, it should be noted that E. hensii essential oils are qualitatively different from those of Elionurus species described in the literature [3] [4] [5] [6] [7] . E. muticus essential oil is characterized by geranial and neral [3] or (E)-caryophyllene and spathulenol [4] [5] . The major components of E. elegans essential oil were campherenone, bisabolone, caryophyllene oxide and (E)--caryophyllene [6] , and acorenone B was identified as a major constituent of the oil from the aerial part of E. viridulus [7] .
Volatile components were extracted from the aerial parts and roots of E. hensii samples using HS-SPME under optimized conditions. There were qualitative and quantitative differences in the essential oils between the aerial and root fractions ( Table 1) . The major components of the aerial part were oxygenated monoterpenes (42.2  2.2%), followed by oxygenated linear hydrocarbons (25.4  2.1%) and monoterpene hydrocarbons (17.7  1.0%). The root volatile fraction had high contents of monoterpene hydrocarbons (34.2  2.2%), sesquiterpene hydrocarbons (30.3  1.2%) and oxygenated sesquiterpenes (10.8  1.0%). Undecan-2-one (57) (15.2  3.9%) and trans-(31) and cis-p-mentha-1(7),8-dien-2-ol (37) (11.1  3.0% and 10.4  2.0%, respectively) were the major components of the volatile fraction of the aerial part, whereas the major components of the root fraction were limonene (11) (30.4  10.6%), calarene (76) (19.6  6.5%) and aristolone (106) (8.6  4.2%).
It was difficult to establish a direct correlation between results obtained using HS-SPME and those obtained using the hydrodistillation extraction technique because the first involved an equilibrium step and the latter was based on quasi-total extraction of plant volatiles [13] . As shown in Table 1 , the amounts of the main compounds in the aerial parts (4, 10, 30, 36 and 56) were similar for hydrodistillation and HS-SPME, whereas those of the root fraction (10, 56, 75, 103 and 105) differed between these two extraction methods. The concentrations of oxygenated sesquiterpenes were greater in the essential oil fraction (6.6% and 51.8% for the aerial and root fractions, respectively) than in the HS-SPME volatile fraction (0.5% and 10.8% for the aerial and root fractions, respectively). Paolini et al. [14] also reported that the oxygenated sesquiterpene content of the HS-SPME volatile fraction of the plant was much lower than that of the corresponding essential oil fraction. Conversely, the monoterpene hydrocarbon contents of the essential oil (aerial parts, 8.2%; roots, 1.1%) were lower than those of the volatile fraction (aerial parts, 17.7%; roots, 34.2%).
Total phenolics and flavonoids in solvent extracts
The total phenolic contents of solvent extracts of E. hensii were determined according to the Folin-Ciocalteu procedure and were expressed as gallic acid equivalents; flavonoid contents were expressed as quercitin equivalents (Table 2) . Extracts from the aerial parts had higher total phenol and flavonoid contents than did extracts from the roots. The phenolic contents of the ethyl acetate and methanol extracts were greater for the aerial parts (46.9 and 47.2 mg/g, respectively) than for the root fraction (12.9 and 24.3 mg/g, respectively). The dichloromethane extract had the lowest total phenol content of all extracts (8.3 mg/g for the aerial parts and 2.3 mg/g for the root fraction). Flavonoids constituted 60-70% of total phenols in all extracts except the dichloromethane root extract, in which flavonoids constituted 30% of total phenols. Thus, methanol extracts were richer in flavonoids (aerial parts, 34.4 mg/g; roots, 14.1 mg/g) than the ethyl acetate extracts (aerial parts, 31.5 mg/g; roots, 8.2 mg/g) and dichloromethane extracts (aerial parts, 5.1 mg/g; roots, 0.7 mg/g). Table 3 summarizes the DPPH and ABTS
Antioxidant properties
•+ scavenging ability of solvent extracts from the aerial parts and roots and of essential oil extracts of the aerial parts. Results are expressed as the IC 50 value, defined as the concentration that results in 50% inhibition of free radical oxidation. A low IC 50 value corresponds to a high antioxidant activity. The DPPH scavenging abilities of the solvent extracts and essential oils were all less than that of the synthetic antioxidant, ascorbic acid (0.06  0.01 mg/mL), which was used as a standard. The DPPH scavenging activity of extracts was ascorbic acid > the ethyl acetate fraction of the aerial parts > the methanol fraction of the aerial parts > the methanol fraction of the roots > the ethyl acetate fraction of the roots > the dichloromethane fractions. The aerial parts of E. hensii exhibited significant antioxidant properties (IC 50 < 0.5 mg/mL and < 1 mg/mL for the ethyl acetate and methanol fractions, respectively).
The antioxidant activities of the plant extracts and oil were also evaluated using the ABTS
•+ radical cation decolorization assay (Table 3) . ABTS, a protonated radical, has a characteristic absorbance maximum at 734 nm, which decreases with the scavenging of proton radicals [15] . Results obtained using the ABTS
•+ radical assay were congruent with those obtained using the DPPH radical assay. Although the ABTS
•+ scavenging abilities of solvent extracts and essential oil were significantly less than that of the synthetic antioxidant, Trolox (6.4  0.95 g/mL), the ethyl acetate and methanol fractions of the aerial parts of E. hensii exhibited fast and effective scavenging properties (65.0  5.6 and 91.8  6.7 g/mL, respectively). The ABTS
•+ scavenging activity of extracts decreased in the order of Trolox > the ethyl acetate fraction of the aerial parts > the methanol fraction of the aerial parts > the methanol fraction of the roots > the ethyl acetate fraction of the roots > the dichloromethane fraction of the aerial parts. The dichloromethane fraction of the roots did not exhibit any antioxidant activity according to the ABTS •+ decolorization assay.
In both assays, the aerial parts of E. hensii exhibited greater antioxidant activity than the roots. The antioxidant compounds in the aerial parts were mainly extracted with ethyl acetate, whereas methanol extraction appeared to be more efficient for extraction of antioxidant compounds from roots. The scavenging activity of the ABTS radical was much higher than that of the DPPH radical for all extracts; IC 50 values were in the g/mL range for the ABTS
•+ radical and in the mg/mL range for the DPPH radical. The solubility of the radical in the extract of interest can affect the capacity of the sample to reach and quench radicals [16] . Moreover, Wang et al. [17] showed that some compounds have strong ABTS •+ scavenging activity, but no DPPH scavenging activity. Concerning E. hensii, the ABTS
•+ radical scavenging assay appeared to be more efficient for evaluating the antioxidant properties of the solvent extracts than the DPPH assay.
Another way of preventing the hazardous effects of free radicals involves their reduction by antioxidant compounds; electron donation is considered an important function of phenolic antioxidants [18] . Inactivation of oxidants by reducing agents may be described as a redox reaction in which one reaction species is reduced at the expense of the oxidation of the other. In the reducing power assay, a high absorbance at 700 nm indicates a high reducing ability. For the solvent extracts, results obtained using the reducing power test were similar to those obtained using the DPPH and ABTS
•+ assays (Fig. 1) . The strongest and fastest reducing activity was exhibited by the ethyl acetate fraction of the aerial parts, which resulted in an absorbance value of 1 (half of the maximal absorbance registered for the test) at a concentration of less than 250 g/mL. To obtain the same absorbance value, concentrations of 375, 580 and 1500 g/mL would be needed for the methanol extracts of the aerial parts and roots, and the ethyl acetate fraction of roots, respectively. Interestingly, the essential oil of E. hensii responded better to the reducing power assay than did the dichloromethane extract of roots, whereas no activity was registered for the essential oil with the other two tests. Plant phenolics constitute one of the major groups of primary antioxidant free-radical terminators [19] [20] [21] . Among them, the flavonoids are probably the most diverse and widespread group of natural phenolics, with a wide spectrum of chemical and biological activities [22] [23] . Indeed, it has been reported that phenolics, flavonoids and tocopherols reduce DPPH radicals via their hydrogen donating ability [24] . In our experiment, the overall antioxidant activity of solvent extracts was strongly correlated with the total polyphenol content of the extracts, particularly with the flavonoid content ( Table 2 ). The ethyl acetate and methanol extracts of the aerial parts of E. hensii had the highest total polyphenol and flavonoid concentrations (48 mg GAEs/g of total polyphenols and 35 mg QEs/g of flavonoids). The essential oil of E. hensii did not have significant antioxidant properties in respect of DPPH and
ABTS
•+ scavenging ability, and had only slight Fe 3+ reducing power. This is the first report on the relationships between the total phenol and flavonoid contents of E. hensii extracts and antioxidant activity. The components responsible for the antioxidant activities of the extracts were not identified, and further work should be conducted to isolate and identify these bioactive compounds. In addition, we described the chemical composition of essential oil and the HS-SPME fraction of the aerial parts and roots of E. hensii. Several conclusions may be drawn from this study: (i) two oxygenated monoterpenes with menthane skeletons are the main compounds of the essential oil and volatile fractions of the aerial parts of E. hensii; (ii) aristolone and calarene are the main volatile compounds in essential oil and the volatile fraction of E. hensii roots; (iii) the antioxidant activity and the amount of phenolic compounds in the extracts are positively correlated; and (iv) the solvent extracts of E. hensii are effective antioxidants according to in vitro assays. We propose that E. hensii extracts have potential as natural additives for the food and pharmaceutical industries.
Experimental
Chemicals: Linoleic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic acid, ascorbic acid, quercitin, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), Folin-Ciocalteu phenol reagent, phosphate buffer solution (PBS), analytical grade dichloromethane, ethyl acetate, diethyl ether, methanol, ethanol and dimethyl sulfoxide (DMSO), sodium carbonate (Na 2 CO 3 ), ferric chloride, aluminum chloride (AlCl 3 ), potassium ferricyanide, trichloroacetic acid, Tween 80 were purchased from Sigma-Aldrich Chemie (Steinheim, Germany).
Plant material:
The different organs (aerial parts and roots) of E. hensii were harvested in May 2008 (full bloom) from the region of Loufoulakari, Congo (4 sample locations).
Essential oil isolation:
Fresh material was water distilled (5 h) using a Clevenger-type apparatus according to the method recommended in the European Pharmacopoeia. The essential oil yields were 0.7% (w/w). The oils were dried over anhydrous sodium sulfate and then stored in sealed glass vials at 4-5 °C prior to analysis.
Preparation of the extracts: Aerial parts and roots from dried plant samples (10 g) were successively extracted under reflux conditions (Soxhlet process, 6 h) with organic solvents (200 mL): dichloromethane, ethyl acetate and methanol. The extracts were filtered (PTFE, 60 µm) and concentrated under vacuum. The organic solvent extracts were dried over anhydrous sodium sulfate and then stored in sealed glass vials at 4-5 °C prior to analysis. Each extraction was performed in triplicate. Finally, 3 aerial part extracts and 3 root extracts were successively obtained with dichloromethane (aerial parts: 135 mg; roots: 70 mg), ethyl acetate (aerial parts: 91 mg; roots: 100 mg) and methanol (aerial parts: 672 mg; roots: 646 mg). 
HS-SPME:
The aerial parts and roots of E. hensii were subjected directly to HS-SPME. The SPME device (Supelco) coated with divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS, 30 m) was used for extraction of the plant volatiles. Optimization of conditions was carried out using full aerial parts of the plant (1 g into a 20 mL vial); it was based on the sum of total peak areas. The equilibrium and extraction temperatures were selected after 3 different experiments at 30, 70 and 90°C. The equilibrium time was selected after 3 different experiments at 60, 90 and 120 min. The extraction time was selected after 3 different experiments at 15, 30 and 45 min. The maximum sum of the total peak area was obtained for a temperature of 70°C, an equilibrium time of 90 min and an extraction time of 30 min. After sampling, the SPME fiber was inserted into the GC and GC-MS injection ports for desorption of volatile components (5 min), both using the splitless injection mode. Before sampling, each fiber was reconditioned for 5 min in the GC injection port at 260°C. HS-SPME and subsequent analyses were performed in triplicate.
GC analysis: GC analysis was carried out using a Perkin-Elmer Clarus 600 Fast GC apparatus (Waltham, MA, USA) equipped with a dual flame ionization detection (FID) system and the fused-silica capillary columns (60 m  0.25 mm I.D., film thickness 0.25 m) Rtx-1 (polydimethylsiloxane) and Rtx-wax (polyethyleneglycol). The oven temperature was programmed from 60°C to 230°C at 2°C/min and then held isothermally at 230°C for 35 min. Injector and detector temperatures were maintained at 280°C. Samples were injected in the split mode (1/50) using helium as carrier gas (1 mL/min) and a 0.2 L injection volume of pure oil. Retention indices (RI) of compounds were determined relative to the retention times of a series of n-alkanes (C 5 -C 30 ) (Restek, Lisses, France) with linear interpolation using the Van den Dool and Kratz [25] equation and software from Perkin-Elmer.
HS-SPME-GC analysis was carried out using a Perkin-Elmer AutoSystem XL GC apparatus (Waltham, MA, USA) equipped with a FID system and the fused-silica capillary columns (30 m  0.25 mm I.D., film thickness 1 m) Rtx-1 (polydimethylsiloxane) and Rtx-wax (polyethyleneglycol). The program of analysis was the same as with the GC analysis, and volatile components were desorbed in a GC injector with a SPME intel liner (0.75 mm. I.D., Supelco Co.).
GC-MS analysis:
Samples were analyzed with a Perkin-Elmer turbo mass detector (quadrupole) coupled to a Perkin-Elmer AutoSystem XL equipped with the fused-silica capillary columns Rtx-1 and Rtx-wax. Carrier gas: helium (1 mL/min), ion source temperature: 200°C, oven temperature programmed from 60°C to 230°C at 2°C/min and then held isothermally at 230°C (35 min), injector temperature: 280°C, energy ionization: 70 eV, electron ionization mass spectra were acquired over the mass range 35-350 Da, split: 1/60, injection volume: 0.2 L of pure oil.
Identification and quantification of volatile fraction:
Identification of individual components was based: i) on comparison of calculated RI on polar and apolar columns, with those of authentic compounds or literature data [10] [11] ; and ii) on computer matching with commercial mass spectral libraries [12] and comparison of mass spectra with those of our own library of authentic compounds or literature data [10, 26] . Components relative concentrations were calculated based on GC peak areas without using correction factors.
Determination of total phenolic contents:
Total phenolic content of each fraction obtained by the above methods (see preparation of the extracts) was determined by the method of Singleton et al. [27] using gallic acid standard (GAEs), with some modifications. In brief, a 100 µL aliquot of the samples was added to 500 µL of 10 times diluted Folin-Ciocalteu. After 3 min of incubation, 400 µL of 20% (w/v) Na 2 CO 3 solution was added and the mixture was allowed to stand for 30 min in the dark at 25°C. The absorbance was measured at 765 nm using a spectrophotometer (6405 UV-Vis spectrophotometer, Jenway). Total phenolic content was expressed as mg/g gallic acid equivalent using the linear regression equation that was obtained from the standard gallic acid graph.
Determination of total flavonoid contents: Total flavonoid content was determined using the Dowd method as adapted by ArvouetGrand et al. [28] . 500 µL of sample was mixed with the same volume of 2% AlCl 3 in methanol. Absorption readings at 415 nm were taken after 10 min against a blank consisting of 500 µL of extract solution with 500 µL of methanol without AlCl 3 . The concentrations of flavonoid compounds were calculated from the equation obtained from the standard quercitin (QEs) graph.
Antioxidant activity
Scavenging capacity on DPPH radical: The hydrogen atoms or electron donation ability of the extracts and essential oil were measured from the bleaching of purple colored methanol solution of DPPH as described by Sharififar et al. [29] , with some modifications. A 100 µL aliquot of various concentrations of the extract or the oil in methanol was added to 1 mL of a 0.2 mM methanol solution of DPPH. The mixture was homogenized and incubated for 15 min at room temperature in the dark. The absorbance was measured at 515 nm against a blank. Inhibition of free radical, DPPH, in percent (I %) was calculated using the equation: I% = 100 x (Ab-As)/Ab, where Ab is the absorbance of the control reaction and As the absorbance of the sample. The sample concentration providing 50% of inhibition (IC 50 ) was calculated from the graph of inhibition percentage against sample concentration. Tests were carried out in duplicate. Ascorbic acid (AA) was used as positive control.
ABTS radical scavenging assay:
The ability of extracts to bleach the 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical (ABTS •+ ) was evaluated according to the method of Re et al. [30] , with modifications. ABTS
•+ was produced by reaction of equal volumes of 2.4 mM ABTS solution and 2.4 mM potassium persulfate for 16 h, in the dark and at room temperature. The stock solution was diluted in 0.2 M phosphate-buffered solution (PBS) so as to achieve an absorbance of 0.70+0.04 at 734 nm. Then 900 µL of diluted ABTS
•+ solution was mixed with 100 µL of sample dissolved in methanol. The absorbance at 734 nm was taken 1 min after mixing.
Reducing power: The reducing power of extracts was determined according to the method of Oyaizu [31] , with modifications. Different concentrations of each extract were dissolved in 500 µL of methanol and added to 500 µL of 0.2 M sodium phosphate buffer (pH 6.8) and 500 µL of 1% potassium ferricyanide. The mixture was incubated at 50°C for 20 min. Then, 500 µL of 10% trichloroacetic acid was added and the mixture was centrifuged at 3000 g (Sigma 1630 vs) for 10 min. 500 µL of the upper layer was added to 500 µL of deionized water and 100 µL of 0.1% ferric chloride. The absorbance was measured at 700 nm against blank. Ascorbic acid was used as positive control.
